Despite extensive efforts, to date only two quasars have been found at z > 7, due to a combination of low spatial density and high contamination from more ubiquitous Galactic cool dwarfs in quasar selection. This limits our current knowledge of the supermassive black hole (SMBH) growth mechanism and reionization history. In this Letter, we report the discovery of a luminous quasar at z = 7.021, DELS J003836.10-152723.6 (hereafter J0038-1527), selected using photometric data from DESI Legacy imaging Survey (DELS), Pan-STARRS1 (PS1) imaging Survey, as well as Wide-field Infrared Survey Explore (WISE) mid-infrared all-sky survey. With an absolute magnitude of M 1450 =-27.1 and bolometric luminosity of L Bol =5.6×10
ABSTRACT
Despite extensive efforts, to date only two quasars have been found at z > 7, due to a combination of low spatial density and high contamination from more ubiquitous Galactic cool dwarfs in quasar selection. This limits our current knowledge of the supermassive black hole (SMBH) growth mechanism and reionization history. In this Letter, we report the discovery of a luminous quasar at z = 7.021, DELS J003836.10-152723.6 (hereafter J0038-1527), selected using photometric data from DESI Legacy imaging Survey (DELS), Pan-STARRS1 (PS1) imaging Survey, as well as Wide-field Infrared Survey Explore (WISE) mid-infrared all-sky survey. With an absolute magnitude of M 1450 =-27.1 and bolometric luminosity of L Bol =5.6×10
13 L , J0038-1527 is the most luminous quasar known at z > 7. Deep optical to near-infrared spectroscopic observations suggest that J0038-1527 hosts a 1.3 billion solar mass black hole accreting at the Eddington limit, with an Eddington ratio of 1.25±0.19. The C iv broad emission line of J0038-1527 is blueshifted by more than 3000 km s −1 relative to the quasar systemic redshift. More detailed investigations of the high-quality spectra reveal three extremely high-velocity C iv broad absorption lines (BALs) with velocity from 0.08 to 0.14 times the speed of light and total "balnicity" index of more than 5000 km s −1 , suggesting the presence of relativistic outflows. J0038-1527 is the first quasar found at the epoch of reionization (EoR) with such strong outflows, and therefore provides a unique labora-
INTRODUCTION
As the most luminous non-transient objects, distant quasars are important tracers to study early structure formation and the history of cosmic reionization. The detections of complete Gunn-Peterson (GP) absorption troughs in z > 6 quasars mark the end of the reionization epoch at z 6 (e.g., Fan et al. 2006 ). The Lyα damping wing absorption profile (Miralda-Escudé 1998) probes neutral intergalactic medium (IGM) gas at the epoch of reionization (EoR). Currently, only two luminous z > 7 quasars have been reported in the literature (Mortlock et al. 2011; Bañados et al. 2018) , both of which exhibit signatures of strong damping wing absorption, suggesting that the universe is significant neutral at z > 7 (e.g., Bolton et al. 2011; Greig et al. 2017; Bañados et al. 2018; Davies et al. 2018) .
The existence of distant luminous quasars (Mortlock et al. 2011; Bañados et al. 2018) provides evidence of billion solar mass supermassive black holes (SMBHs) already formed in the EoR, which poses crucial constraints on their formation and growth mechanisms. SMBH growth is not an isolated progress. It has been found to be tightly linked with the growth of their host galaxies (i.e., the M BH -σ * relation; Gebhardt et al. 2000) . Feedback by wind or outflow driven by black hole (BH) accretion has been invoked in simulations to explain the observed relation (e.g., King 2003; Di Matteo et al. 2005) . Observationally, strong outflows are often studied in the rest-frame ultraviolet (UV) via blueshifted broad absorption lines (BALs; Weymann et al. 1991) or strong blue velocity shifts of broad C iv emission lines in luminous quasars (e.g., Richards et al. 2011 ). These features appear most often at a moderate velocity of v < 0.1 times the speed of light (c), but relativistic BALs at v ∼ 0.1 − 0.3c have been also found in a small number of quasars (e.g., Hamann et al. 2013; Rogerson et al. 2016; Hamann et al. 2018) . The associated kinetic power of these relativistic outflows is estimated to be high enough to play a key role in the co-evolution of SMBHs and galaxies (e.g., Cicone et al. 2015; Feruglio et al. 2017) , as it inevitably shocks against star formation and provide significant metal enrichment to the interstellar medium (ISM) and IGM (e.g., Chartas et al. 2009; Zubovas & King 2013) .
However, to date only two z > 7 quasars are known, which limits our understanding of the quasar population and their effects on galaxy formation and metal enrichment in the early Universe, highlighting the need to expand the sample of z > 7 quasars. In Wang et al. (2017) , we demonstrated that the combination of the Dark Energy Spectroscopic Instrument (DESI)
1 Legacy Imaging Surveys (DELS; Dey et al. 2018 ) with near-infrared (NIR) surveys like the UKIRT Hemisphere Survey (UHS; Dye et al. 2018) , and the Wide-field Infrared Survey Explore mid-infrared survey (Wright et al. 2010 ) allows us to search for the highest redshift quasars over a much large area than previous studies. Recently, we also updated our selection procedure by including the Pan-STARRS1 (PS1) Survey (Chambers et al. 2016 ) to improve our selection efficiency (Wang et al. 2018 ).
Here, we report the discovery of a luminous z > 7 BAL quasar, DELS J003836.10-152723.6 (hereafter J0038-1527), from our ongoing distant quasar survey. In § 2, we present our spectroscopic observations and infrared photometric observations. In § 3, we describe the luminosity and BH mass measurements. In § 4, we characterize the strong relativistic outflows detected in this quasar. Finally, in § 5 we briefly discuss the implications and summarize future investigations on high-redshift quasars. All results below refer to a ΛCDM cosmology model with a Hubble parameter of H 0 = 70 km s −1
Mpc
−1 and density parameters of Ω m = 0.3, and Ω Λ = 0.7.
OBSERVATIONS AND DATA ANALYSIS
J0038-1527 was selected as a z > 6.5 quasar candidate based on DELS and PS1 photometric data. It is detected in both DELS z-band (z AB = 21.65±0.08), and PS1 y-band (y AB = 20.61±0.10), but is undetected in PS1 g, r, i, and z bands. The strong dropout nature makes it is a promising high-redshift quasar candidate. J0038-1527 is also detected in ALLWISE (W 1 VEGA = 16.80±0.10, W 2 VEGA = 16.08± 0.21) and therefore it is unlikely to be a nearby Galactic cool dwarf with high proper motion. J0038-1527 is one of the brightest candidates in our sample, and thus has high priority when taking spectroscopic follow-up observations. We refer to Wang et al. (2017) and Wang et al. (2018) for detailed descriptions of the target selection.
The initial spectroscopic observation was obtained on 2018 January 16 with Multiple Mirror Telescope (MMT)/Red Channel Spectrograph using a 270 mm −1 grating and 1. 25 slit, which provide a spectral resolution of R ∼500. The spectrum shows a clear break at ∼9700Å , which suggests it is a quasar at z ∼ 7. Subsequent high signal-to-noise ratio (S/N) spectra taken with the MMT and Magellan/LDSS3-C confirm it as a quasar at z > 7.
We were allocated Very Large Telescope (VLT)/X-SHOOTER DD time (program ID: 2100.A-5033(A)) and the observations were obtained over four nights between 2018 January and July. The total on-source exposure was 12,000s. We used 0. 9 slits in both optical (VIS) and NIR arms, which deliver resolutions of R ∼ 8900 and R ∼ 5600 in VIS and NIR arms, respectively. The data were reduced using standard European Southern Observatory (ESO) X-SHOOTER pipeline.
Additional NIR spectroscopy was obtained with Gemini/GNIRS, with a total exposure time of 4.2 hr (program ID: GN-2018A-FT-114). We used the cross-dispersed mode with a 0. 675 slit, which provides a resolution of R ∼750 from ∼0.9µm to ∼2.5µm. The GNIRS data was reduced with the XIDL 2 suite of astronomical routines in the Interactive Data Language (IDL). Finally, we produced the combined spectrum using the X-SHOOTER and GNIRS observations and scaled it to match the photometric data for absolute flux calibration. Then we correct the Galactic extinction using the Cardelli et al. (1989) reddening law and E(B − V ) from Schlegel et al. (1998) . The final calibrated optical to NIR spectrum is shown in Figure 1 .
In order to constrain the rest-frame UV spectral energy distribution (SED) of J0038-1527, we obtained Y, J, H, and K-band photometry using UKIRT/WFCam (Project ID: U/17B/D04) on 2018 January 20. The onsource exposures were 12 mins in the Y, J, and K-bands and 6 minutes in the H-band. The processed data was kindly provided by M. Irwin using the standard Visible and Infrared Survey Telescope for Astronomy (VISTA)/WFCAM data-flow system (Irwin et al. 2004 ). The photometric properties and derived parameters of J0038-1527 are listed in Rest-frame Wavelength (Å) Table 1 . The x-axis error-bars of the two leftmost orange circles denote the FWHMs of z DELS and y ps1 filter curves. Two inner plots show spectral fitting of C iv (a) and Mg ii (b) regions, respectively. The blue dot-dashed line denotes the best-fit power-law continuum, the green dashed line denotes the best-fit pseudo-continuum. The cyan line denotes fitted C iv and Mg ii emission lines plus power-law continuum and the red line denotes the total fitted flux.
LUMINOSITY AND BH MASS
We fit the final calibrated spectrum following the approach detailed in Wang et al. (2015) . Briefly, we shift the spectrum to rest frame using an initial redshift, and fit a pseudo-continuum model that includes a powerlaw continuum, Fe ii emission (Vestergaard & Wilkes 2001; Tsuzuki et al. 2006), and Balmer continuum (e.g., De Rosa et al. 2014) to the line-free regions using a 1/σ 2 weighting χ 2 fitting technique. We then fit the Mg ii emission and derive the quasar systemic redshift by correcting Mg ii redshift to [O iii] redshift based on the velocity offset between these two lines of the SDSS quasar composite (Vanden Berk et al. 2001) . We iterated this procedure until the difference of input redshift and output redshift is smaller than the uncertainty. Then the spectrum is de-redshifted using the final systemic redshift, which is z = 7.021 ± 0.005. The final fitting yields a power-law continuum of f λ ∝ λ −1.54±0.05 . We measure the rest-frame 3000Å power-law luminosity to be Absolute magnitude of all publicly known z > 6.3 quasars. J0038-1527 with M 1450,AB =-27.10, is the most luminous z > 6.6 quasar known to date. The next-highest redshift quasar (PSO323+12 at z = 6.588) with comparable luminosity is highlighted by a large blue circle. Two previously known z > 7 quasars are denoted by squares. The magenta error bar shows the typical errors on M 1450,AB of publicly known quasars. The cyan dashed line mark the position of z = 6.3. 
a Magnitude limits at 3-σ level.
λL 3000Å =4.19×10 46 erg s −1 , and the rest-frame 1450Å magnitude to be m 1450,AB =19.84 ± 0.08 and M 1450,AB =-27.10±0.08. J0038-1527 is about a half magnitude brighter than the other two known z > 7 quasars and is the only known quasar at z > 6.6 with M 1450,AB < −27 ( Figure  2) . By assuming an empirical conversion factor from the luminosity at 3000Å (e.g., Shen et al. 2011) , we estimate the bolometric luminosity of J0038-1527 as L bol =5.15× λL 3000Å = 2.16×10 47 erg s −1 = 5.6×10 13 L . After subtracting the best-fit pseudo-continuum from the spectrum, we fit Mg ii and C iv broad emission lines with two Gaussian profiles for each line. We measure a full-width at halfmaximum (FWHM) of 2994 ± 140 km s −1 and 8728 ± 452 km s −1 for Mg ii and C iv, respectively. The continuum and line fitting are shown in Figure 1 . After applying a virial BH mass estimator (Vestergaard & Osmer 2009 ) based on the Mg ii line, we estimate the SMBH mass of J0038-1527 to be (1.33±0.25)×10 9 M . The accretion rate of this quasar is consistent with Eddington accretion, with an Eddington ratio of L Bol /L Edd =1.25±0.19. Note that the Eddington ratio quoted here depends on the virial BH mass estimator that we adopt. Using the relation from McLure & Dunlop (2004) , we get an SMBH of (1.21±0.36)×10
9 M and L Bol /L Edd =1.37. The quoted uncertainty does not include the systematic uncertainties in the scaling relation, which could be up to ∼ 0.4 dex (Shen et al. 2011) .
The BH growth in the early universe is limited by the available accretion time. The existence of J0038-1527 and the other two z > 7 quasars requires either massive seed BHs or episodes of super-Eddington accretion under a typical radiation efficiency of ∼ 0.1 to form billion solar mass BHs in such young Universe. Otherwise, the radiation efficiency must be much lower than that allowed for thin disk accretion.
QUASAR OUTFLOWS
As described in §1, quasar outflows are thought to play an important role in regulating the co-evolution of central SMBHs and host galaxies. Both broad emission lines like C iv and highly ionized absorption lines can be efficient diagnostics of quasar outflows. Especially, high-ionization broad emission lines like C iv of quasars are usually blueshifted from the systemic velocity by several hundred km s −1 and up to ∼7000 km s −1 , depending on the equivalent width (EW) of C iv and the quasar luminosity (e.g., Richards et al. 2011, also Figure 3) . The anti-correlation between continuum luminosity and emission line EW is well known as the Baldwin Effect (Baldwin 1977) . More recently, results from the SDSS quasar reverberation mapping project (Sun et al. 2018) show that ex- Figure 3. C iv emission line blueshift vs. C iv EW and quasar bolometric luminosity. The contours and 2D histogram are for SDSS low-redshift quasars (Shen et al. 2011 ) and the black asterisks denote public known z 6.5 quasars with C iv observations (e.g., Mortlock et al. 2011; De Rosa et al. 2014; Mazzucchelli et al. 2017; Bañados et al. 2018) . The orange asterisk represents J0038-1527. Although all z 6.5 quasars are in the large C iv blueshift tail, they are still consistent with the distribution of low-redshift quasars of similarly high luminosities.
treme blueshift quasars have a low level of variability, suggesting that high-blueshift sources tend to also have high Eddington ratios. From our analysis of J0038-1527, we find that the peak of the C iv emission has a strong blueshift with velocity of 3400±411 km s −1 compared to Mg ii. We measured the rest-frame EWs to be EW CIV =18.1 ± 1.4Å and EW MgII =16.5 ± 1.0 A. This places J0038-1527 at the high-blueshift velocity end of C iv emission line. In order to further confirm this, we used a more robust way to measure the C iv blueshift explored by Coatman et al. (2016 Coatman et al. ( , 2017 , which measures the line centroid as the wavelength that bisects the cumulative line flux. This method yields a C iv blueshift of 3800 km s −1 , confirms the strong blueshifted C iv emission line in J0038-1527.
More interestingly, after examining the spectrum of J0038-1527, we find several strong BAL features blueward of the C iv and Si iv emission lines. No absorption feature is found blueward of Mg ii indicating that it is a high-ionization broad absorption line quasar (HiBAL). In order to estimate the intrinsic spectrum of J0038-1527, we construct a quasar composite spectrum (Figure 1 ) using ∼200 SDSS quasars with extreme C iv emission line blueshifts (> 3300 km s −1 ). We then divide the spectrum of J0038-1527 by the matched composite to derive a normalized spectrum. From the normalized spectrum, we identified three C iv absorption troughs at extremely high velocities of (0.14 Figure 4 . These three troughs also have accompanied Si iv troughs (top panel in Figure 4 ). In order to quantify the strength of these troughs, we measure the "balnicity" index (BI, Weymann et al. (1991) ) of C iv BALs by
where f (v) is normalized spectrum, C is set to 1 only when f (v) is continuously smaller than 0.9 for more than 2000 km s −1 , otherwise it is set to 0.0. In order to avoid counting absorptions from Si iv, we set v max = 52, 340 km s −1 . The v min is set to 0. The BIs are measured to be 3400 km s −1 , 890 km s −1 , and 1010 km s −1 for trough A, B, and C, respectively. The uncertainties of the BIs are dominated by the limitations of the template matching accuracy. The total C iv BI of J0038-1527 is 5300 km s −1 , which is on the high tail (∼10%) of the BI distribution of BAL quasars at lower redshifts (e.g., Gibson et al. 2009 ).
We note that the composite spectrum matches the spectrum of J0038-1527 very well from C iv to Mg ii but slightly underestimates the continuum blueward of C iv broad emission line.
Such difference could be caused by the fact that high-redshift quasars tend to have flatter extinction curves than that of low-redshift quasars (e.g., Maiolino et al. 2004; Gallerani et al. 2010) . If so, we might slightly underestimate the BIs measured above. Because trough A has a very high velocity, the associated Si iv absorption trough is blueshifted to the Lyα region, where the spectrum is seriously absorbed by the intervening IGM. On the other hand, the best-fit composite template clearly overfits N v and maybe also Lyα, suggesting strong absorptions over this region, which could be due to Si iv BAL at ∼ 0.14c. The other possibility for trough A is that it could be a Si iv BAL trough at a lower velocity, as this trough is at the blueward of Si iv emission line. However, we do not see any accompanied C iv troughs at the same velocity shifts (gray shaded region in Figure 4 ). Without associated C iv troughs, the presence of strong absorption on the top of Lyα and N v emission lines, and the existence of the other two high-velocity troughs (B and C), the spectrum of J0038-1527 strongly suggests that trough A is indeed an extremely high-velocity C iv BAL. Allen et al. (2011) found that the BAL quasar fraction increases by a factor of 3.5 from z ∼ 2 to z ∼ 4, which indicates that an orientation effect alone is not sufficient to explain the presence of BAL troughs. This, together with the strong BAL absorptions in J0038-1527 and large C iv blueshifts found in those z 7 quasars, suggests that strong outflows are common in the earliest quasars.
DISCUSSION AND SUMMARY
As described in §4, although most z > 6.5 quasars show strong C iv emission line blueshifts, they still follow the locus of lowredshift quasars in Figure 3 . Moreover, a lowredshift quasar composite constructed using a simple cut of C iv blueshifts matches the spectrum of J0038-1527 very well. This suggests that the property of C iv emission line is very important for damping wing analysis, as the main uncertainty on such analysis comes from how well one can predict the intrinsic spectra of high-redshift quasars.
The relativistic outflows in this quasar are found with extremely high velocities of 0.08c-0.14c. Such phenomenon is very rare and only observed in a small number of low-redshift quasars (e.g., Rogerson et al. 2016; Hamann et al. 2018 ). Very recently, Hamann et al. (2018) found that highly ionized X-ray ultra-fast outflow (UFO; Chartas et al. 2002; Reeves et al. 2003) in a low-redshift quasar is accompanied with a high-velocity C iv BAL, which suggests that the relativistic C iv BALs might form in the dense clumps embedded in the X-ray UFO. The associated kinetic power of these relativistic outflows is suggested to be well above what's
